Abstract-Blood clotting under hemodynamic conditions involves numerous multiscale interactions from the molecular scale to macroscopic vessel and systemic circulation scales. Transmission of shear forces to platelet receptors such as GPIba, P-selectin, a 2 b 1 , and a 2b b 3 controls adhesion dynamics. These forces also drive membrane tether formation, cellular deformation, and mechanosignaling in blood cells. Blood flow results in red blood cell (RBC) drift towards the center of the vessel along with a near-wall plasma layer enriched with platelets. RBC motions also dramatically enhance platelet dispersion. Trajectories of individual platelets near a thrombotic deposit dictate capture-activationarrest dynamics as these newly arriving platelets are exposed to chemical gradients of ADP, thromboxane, and thrombin within a micron-scale boundary layer formed around the deposit. If shear forces are sufficiently elevated (>50 dyne/ cm 2 ), the largest polymers of von Willebrand Factor may elongate with concomitant shear-induced platelet activation. Finally, thrombin generation enhances platelet recruitment and clot strength via fibrin polymerization. By combination of coarse-graining, continuum, and stochastic algorithms, the numerical simulation of the growth rate, composition, and occlusive/embolic potential of a thrombus now spans multiscale phenomena. These simulations accommodate particular flow geometries, blood phenotype, pharmacological regimen, and reactive surfaces to help predict disease risk or response to therapy.
INTRODUCTION
Human blood is a multicellular ''organ'' whose function is influenced by prevailing hemodynamic forces. Blood is easily obtained for diagnostic uses and can be subjected to automated high throughput liquid handling and microfluidic experimentation. During a clotting event, platelets display combinatorial signaling through the GPVI receptor and multiple G-protein coupled receptors (GPCR) with outside-in/inside-out signaling pathways that trigger shape change, integrin activation, granule release, and phosphatidylserine exposure (see Li et al. 44 for review). Importantly, metabolic pathways in platelets are decoupled from changes in gene expression since platelets have no nucleus. Extracellular processes involving serine protease cascades and their associated reaction topology and kinetics are fairly well defined for coagulation, fibrinolysis, and complement pathways. Also, the human plasma proteome is continually undergoing increased refinement as is the human platelet proteome. 5 Essential to the spatiotemporal prediction of clotting or bleeding events is the multiscale modeling of hemodynamic effects that regulate blood function, either through physical forces or mass transfer phenomena.
PLATELETS AND COAGULATION

Platelet Signaling
At the site of plaque rupture or vessel injury, flowing platelets are captured by surface-bound von Willebrand Factor (vWF) followed by engagement of platelet GPVI to collagen leading to calcium mobilization. Calcium mobilization is the central ''node'' of platelet signaling. During thrombosis, platelets respond simultaneously to collagen binding to GPVI and a 2 b 1 , ADP activation of P2Y 1 , P2Y 12 , and P2X 1 , epinephrine activation of a 2A receptor, thromboxane activation of TP receptor, and thrombin activation of PAR1 and PAR4, while endothelial production of NO and prostacyclin (PGI 2 ) dampen responsiveness. Purvis et al. 57 developed an ODE model of calcium mobilization and phosphoinositide metabolism following ADP stimulation of the platelet P2Y 1 receptor in the absence of extracellular calcium (no store operated calcium entry, SOCE). The model (77 reactions, 132 fixed kinetic rate constants from literature, and 70 species) comprised four interlinked kinetic modules (see Fig. 1 ). The model accurately predicted: (1) steadystate resting concentrations for Ca i , IP 3 , DAG, phosphatidic acid, PI, PIP, and PIP 2 ; (2) transient increases in intracellular calcium, IP 3 , and G q -GTP in response to ADP; and (3) the volume of the platelet dense tubular system (DTS). The initial condition for the 70 intracellular species is largely unknown. However, some species are known in resting platelets and the remaining species are thus highly constrained by topology and known kinetic rate constants. The ''homeostasis constraint'' requires that the initial condition is a steady state with resting calcium and resting IP 3 levels. Purvis et al. 58 detailed the use of the homeostasis constraint to find steady states for individual modules and then built a global steady state (and initial condition) from the module steady states. Such an initial condition must also allow for calcium mobilization upon GPCR activation. A successful test of the P2Y 1 model involved stochastic simulation of an individual platelet that displayed asynchronous calcium spiking behavior in response to ADP. The model demonstrated that asynchronous spiking was a consequence of stochastic kinetics at the single cell level (noting that 1 nM =~3 molecules in a 8-fL platelet).
A similar ODE approach was taken to model calcium regulation by stimulation of the PAR1 receptor to activate Akt, PKC, CalDAG-GEF, a 2b b 3 , and dense granule release. 41 SOCE via STIM1-Orai1 activation following depletion of the DTS store remains to be added to any realistic kinetic model of calcium mobilization.
To account for combinatorial stimulation of numerous receptors, Chatterjee et al. 8 developed a 384-well plate assay termed ''pairwise agonist scanning (PAS)'' to measure platelet calcium mobilization in response to single and pairwise agonist stimulation using an agonist probe set for activation of P2Y 1 , P2Y 12 , PAR1, PAR4, TP, IP, and GPVI pathways, each used at 0.19, 19, and 109 EC 50 . With 154 measured calcium traces to train a 2-layer neural network model, the response of platelets to sequential stimulation and response to 3-6 agonists was accurately predicted. Such data-trained neural network models are patient-specific and ideal for embedding in multiscale flow simulations as described in the next section.
Coagulation
The generation of thrombin by prothrombinase (XaVa) is controlled by the production of Factor Xa through the action of tissue factor/Factor VIIa (TF/ VIIa, the ''extrinsic tenase'') or IXa/VIIIa (formally referred to as the ''intrinsic tenase''). Biomaterial activation of the contact pathway (XIIa fi XIa fi IXa) leads to the generation of IXa/VIIIa; however, IXa can also be generated by TF/VIIa. A number of detailed ODE kinetics models have been developed to describe the generation of thrombin. The HockinMann model is a pseudo-homogeneous model that assumes a fully activated platelet at t = 0 with no limitation of platelet phosphatidylserine surface. 31 The model does not distinguish between soluble species and platelet-bound species. The Hockin-Mann model accurately describes thrombin generation in plasma or blood when exogenous TF is added to blood, however it ignores the contact pathway (Factor XIIa) and does not allow thrombin production if initial TF = 0. This model has also been solved stochastically to describe FIGURE 1. Platelet signaling following P2Y1 activation by ADP. ADP binding to P2Y1 triggers G-protein activation through Gq protein leading to the activation of phospholipase C which cleaves PIP2 to release diacylgylcerol (DAG) and inositol trisphosphate (IP 3 ). IP3 receptor (IP3R) channels release Ca i from the DTS and are regulated biphasically by IP3 and Ca i . The Ca i is pumped across the PM into the extracellular space (PMCA) or into the DTS using a sarcoplasmic/ER Ca i ATPase (SERCA). Submodels for IP3R, SERCA, PKC translocation, PKC-mediated feedback inhibition of PLC, and P2Y1 activation are not shown. 57 The full signaling model accurately predicts the dynamics and dose-response of calcium release by ADP-stimulated platelets.
clotting in small volumes to determine the probability of clotting at low TF levels. 47 More recently, Chatterjee et al. 7 extended the Hockin-Mann model to include the contact pathway and thrombin-mediated feedback activation of resting platelets. This ''plateletplasma'' model coarse grains platelet activation and remains a pseudo-homogeneous model, but predicted the clotting of whole blood in the presence or absence of added TF as well as when VIIa, IXa, IXa, and Xa were titrated into blood. Bungay et al. 6 49 to calculate regulatory linkages in the network topology that exert strong susceptibility to pharmacological inhibition, termed ''fragility,'' that correlated well with actual drug development (including direct Xa and thrombin inhibitors). Haynes et al. 29, 30 used a convectiondiffusion-reaction model to predict the production of thrombin and factor Xa by surface lipid-bound prothrombinase and extrinsic tenase, respectively. While Xa production was found to be transport limited when only extrinsic tenase was present, competition between prothrombinase and extrinsic tenase for lipid binding sites caused Xa production to enter an intermediate regime between reaction and transport limitation.
Highly relevant to biomedical device design, the contact pathway activation of Factor XII to XIIa has been modeled by several groups. 28, 35, 76 Contact pathway modeling remains quantitatively challenging with respect to defining: (1) mechanism(s) of platelet activation of the contact pathway during in vivo thrombosis, and (2) a priori prediction of XIIa activation kinetics based on biomaterial chemistry.
PHYSICAL CONSIDERATIONS (FROM LARGE TO SMALL SCALES)
Hemodynamics
Large scale finite element calculations provide quantification of complex 3D and transient flows through: bifurcations, 67 stenoses, 4,43 carotid and coronary vessels, 13, 56 human and mechanical heart valves, 19 stents, 66 and surgical end-to-side anastomoses. 48 Such simulations often deploy deformable wall boundary conditions, anatomies derived from medical imaging, and complex oscillatory input flows. In the important case of coronary artery stenosis, a 50% stenosis produces little pressure drop and is dangerously asymptomatic, whereas >75% stenosis can produce resistance to flow and generate symptoms of angina. Wall shear rates (c w ) in a severe stenosis may range from 5000 to >50,000 s 21 .
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Cellular Level Transport Dynamics
The rheological properties of flowing blood are largely determined by the motion of red blood cells (RBCs) within the vessel. The large deformability of RBCs leads to complex motion in shear flow including tumbling, tank treading, and migration away from the walls. The migration of RBCs away from the wall leads to a cell-free layer, which is composed of plasma and other blood cells including platelets and neutrophils. The extent of the cell-free layer affects the macroscopic viscosity, where a relatively large cell-free layer in smaller vessels corresponds to a drop in viscosity. This is known as the Fahraeus-Lindqvist effect. At vessels much smaller than the RBC diameter, the viscosity increases quickly due to confinement of RBCs. Several groups have developed immersed boundary 2 and discrete particle 21 models that predict the complex cellular motion and viscosity relationships. 15, 22 The apparent diffusivity (i.e., dispersivity) of platelets is increased by orders of magnitude above the expected Brownian diffusivity due to the presence of RBC motion. 68 Platelets also become concentrated by~3-8-fold near the wall, 1, 74 the exact location where they execute their function upon vessel injury. The increase in platelet concentration has been modeled with continuum models based on radial drift 20 and an extended convection diffusion model. 33 These models require knowledge of either the platelet or RBC concentration profiles. Simulations with flexible RBCs and stiff platelets have directly predicted the near-wall excess of platelets due to RBC motion. 12, 75 Cellular Membrane and Molecular Biomechanics Threshold levels of flow at wall shear rate, c w~1 00 s 21 (wall shear stress of s w~1 dyne/cm 2 ) are required for platelet GPIb binding to vWF, 16 similar to the ''hydrodynamic thresholding'' observed for neutrophil PSGL-1 binding to P-or L-selectin. 57, 73 The unexpected flow enhancement of platelet translocation on vWF at~100 s 21 may involve: enhanced rotational motion facilitating bonding, membrane tether pulling and deformation, cellular deformation with enhanced contact area, and/or catch-bonding at the molecular bond interface.
The Bell model is an empirically useful approach for characterizing force sensitivity of bond lifetimes where k off = k off (0) exp(rF B /k B T) where k off is the dissociation constant, F B is the force on the bond, k off (0) is the unstressed off-rate, r is empirically measured reactive compliance, and k B and T are the Boltzmann constant and temperature, respectively. The colloidal stability of normal blood (plasma vWF does not spontaneously aggregate platelets in vivo) and the rapid rolling of platelets on vWF surfaces is fully consistent with the measured short half-life of the GPIb-vWF A1 domain interaction of <1 s. Using pause time analysis, Doggett et al. 16 found the platelet GPIb-vWF A1 domain interaction to display slip-bond kinetics [Bell parameters k off (0) = 3.45 s 21 and r = 0.016 nm] for loadings above 30 pN per bond. Reports of recombinant GPIb-vWF A1 domain unstressed lifetimes lasting >100 s 37 are difficult to reconcile with the ease of platelet rolling at 100 s 21 where the force on a single platelet is less than~10 pN (Also see Fig. 2B of Doggett et al. 16 of rapid dissociation of translocating platelets from sorbed plasma vWF when flow was decreased to 0.3 dyne/cm 2 ). Along with models of vWF unfolding, the use of slip, catch-slip, or flex-bond kinetics awaits validation via multiscale adhesive dynamic simulation 53 to predict platelet thresholding, rolling velocities, and shear induced platelet aggregation. Interestingly, the appearance of shear enhanced bonding (catch bonding) can appear in multivalent systems 46 and molecularly flexible systems 9 even when slip bonds are deployed in the model. In terms of cell rheology, membrane tethering 36 and cell deformation 34 during shear exposure can shield bonds from hemodynamic force loading. Additionally, pathological shear rates can drive platelet membrane tether formation. 18, 59 Litvinov et al. 45 found two bound states for fibrinogen binding to a 2b b 3 (short duration and long duration). They report that the a 2b 
iting in a thrombus via multiple bond types, coarse graining methods will be required to overcome the computational expense of full adhesive dynamics simulations.
Shear Induced Platelet Activation (SIPA), VWF Fibril-Aggregates, and ADAMTS13
Blood or platelet rich plasma exposed to pathologically high shear forces of >5000 s 21 for~1 min in cone-and-plate viscometers will display platelet activation. This process is VWF-dependent and involves shear-dependent modulation of the A1 domains along with GPIb mechanotransduction leading to granule release of ADP. 38, 51, 52 The recognition that ultralarge VWF (uLVWF) is elevated in TTP patients 10 led to the eventual discovery of ADAMTS13, 42 the plasma processing enzyme that cleaves uLVWF in the presence of shear flow, endothelium, or platelets. 17, 62 Using a recirculating, open-air flow driven by piezoelectric vibration (acoustic streaming), Schneider et al. 60 demonstrated a critical shear rate c crit of >5000 s 21 was needed to extend globular VWF to a stretched conformation that can be relaxed back iñ 200 ms when flow decreases below c crit . The exposure time required to extend VWF was not reported. Follow-up studies used 10-209 physiologic levels of VWF (200 lg/mL) exposed to ''high shear'' for a ''few minutes'' to create VWF fibril-aggregates. 65 From these studies, it is difficult to predict what plasma VWF does under acute stenotic exposures that last <10 ms. Using 1 min perfusion of 50 lg/mL VWF over collagen in flow chambers at 35 dyne/cm 2 (~5000 s 21 ), Barg et al. 3 detected extensive surfacegenerated VWF fibers, but this did not occur at 5 lg/mL VWF. Shankaran et al. 61 used light scattering of presheared VWF (100 lg/mL) to detect 32 9 10 6 MW aggregates (2155 s 21 for 30 s) or 847 9 10 6 MW aggregates (6000 s 21 for 120 s). Importantly, they reported these aggregates were stable for up to 5 h after shear, but were immediately destroyed by 0.1% SDS. Interestingly, conditions of severe aortic stenosis (118 dyne/cm 2 ) result in depletion of the largest multimers of vWF to yield an acquired von Willebrand disease. 69 Acquired von Willebrand disease also occurs with high speed continuous Left Ventricular Assist Device (LVAD) pumps. Recently, Nesbitt et al. 54 proposed that a shear gradient-dependent platelet aggregation drives thrombus formation whereby discoid platelets cluster downstream of a blockage (c w~2 0,000 s 21 ) via platelet membrane tethering and GP1b mediated adhesion to VWF.
MULTISCALE MODELS OF THROMBOSIS
Multiscale simulation of thrombosis seeks to integrate transport processes, platelet biology, coagulation biochemistry, and bond mechanics. Hubbell and McIntire developed a continuum convection-diffusion-reaction model to describe the concentration profiles of ADP, TXA 2 , and thrombin for a given thrombus ''patch'' on the surface of a parallel plate. 32 To derive the rate of agonist release at the surface, various thrombus sizes, platelet densities, and platelet fluxes were prescribed on the thrombus patch. TXA 2 and thrombin were both enzymatically generated, and the rate of generation of each was assumed to depend on the density of platelets currently on the patch. In contrast, platelets store a finite amount of ADP that is released upon activation, so the rate of generation was assumed to be dependent on the rate of platelet deposition but not on the current platelet density. They computed concentration profiles for these agonists at 100, 500, and 1500 s extended this analysis to include geometries other than thrombus ''patches'' on the surface including rectangular shaped clots and circular clots that protrude into the lumen of the vessel. Also, the effect of having a second thrombus at different downstream lengths was investigated where the formation of a standing vortex is possible. The recirculation regions were found to be zones of high agonist accumulation especially for closely neighboring clots. These approaches, however, do not predict the dynamics of clot growth (Table 1) .
Sorensen et al. 63, 64 coupled platelet deposition to the release of platelet agonists at the surface. Platelets are modeled as a continuum species that can become activated by local concentrations of the agonists ADP, TXA 2 , and thrombin. The generation rate and transport of these agonists was handled similarly to the McIntire models. Platelet activation and platelet deposition were modeled as separate reactions. Two types of platelet species exist, resting and activated platelets. Resting platelets were converted to activated platelets by one of two mechanisms. Adhesion of a resting platelets to the wall can directly activate some percentage of the resting platelets. Resting platelets can also be activated by an accumulation of the local platelet agonists. The weighted sums of the concentration of local agonists are used to define a threshold for the activation step, and above this threshold, the rate of activation becomes nonzero and increases linearly. The density and flux of platelets to the surface is then used to calculate the fluxes of agonists. The coupled model predicted platelet densities for Poiseuille flow over a long collagen surface (1 cm) with and without different anticoagulant therapies. The predictions were directly compared to experimental measurements of platelet density. Furthermore, the model predicted the changes in the concentrations of ADP and TXA 2 due to inhibition of thrombin, which was only feasible by coupling platelet deposition and agonist generation/release. Although the Sorensen and McIntire models compute thrombin concentration profiles, the flux of thrombin generation was prescribed per platelet and only a few species need to be tracked computationally (prothrombin, thrombin, antithrombin-III, etc.). The first model to comprehensively consider the coagulation cascade in flowing blood was developed by Kuharsky and Fogelson. 39 Instead of solving the spatially varying concentration profiles of each enzyme in the cascade, the reactions were assumed to occur in a thin, well-mixed region near the injured surface. Transport of the active species from the injury site into the bulk flow of whole blood was determined by a mass transfer coefficient, which captures the effect of both flow and diffusion. This approach allowed for the solution of >50 ODEs including plasma-phase enzymes, membrane-phase enzymes and enzyme complexes instead of solving the full spatial problem consisting of partial differential equations. Binding of cofactors in the plasma phase and on the membranes of platelets was explicitly considered within the model in response to the exposure of tissue factor at the surface. Platelets are considered as a continuum species that can be activated by thrombin and by other activated platelets, and activated platelets serve as a source for membrane reactions. The specific form of the activation function is a Hill function with an exponent of 1, thus differing from the Sorensen et al. model, which used a linear increase above a threshold. The authors found a very sharp threshold for thrombin production while varying TF density, i.e., the concentration of thrombin changed many orders of magnitude in response to a small change in TF density (factor of 2). The threshold was observed at approximately 10-15 fmol/cm 2 and was weakly sensitive to changes in flow. A sharp TF threshold was observed experimentally in flowing whole blood between 1 and 10 TF molecules/lm 2 .
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To achieve a reduction in thrombin production in hemophilia A and B, a new mechanism for inhibition of subendothelial TF:VIIa was proposed whereby deposited platelets physically inhibit the function of the extrinsic tenase. Therefore, platelet activation and deposition acts as a feed-forward mechanism by providing more active surface for thrombin production and an inhibitor of thrombin production by inhibiting extrinsic tenase on the subendothelium. In normal plasma, the production of intrinsic tenase (VIIIa:IXa) is able to sustain thrombin production, while in hemophilia, the driving force is the transient TF:VIIa exposure. One complication of embedding the roles of convection and diffusion into a mass transfer coefficient is that the reaction volume, or alternatively the height, of the well-mixed region depends on the flow velocity. 14 When converting a surface density to a volumetric concentration within the well-mixed region, the effective concentrations now depend on the flow physics. Another limitation of this method is that the size and morphology of the clot 11 cannot be determined. Leiderman and Fogelson 40 extended the KuharskyFogelson model by considering a spatially varying system. In addition to the generation/consumption equations for each species in the model, transport by convection and diffusion is also considered at every position in the fluid. Platelets are still considered a continuum species, but the transport of platelets is now affected by the presence of bound platelets in the same fluid region. To include the effect of particle size, an extra species, denoted by g, that is released from thrombus-bound platelets is tracked. The g species diffuses and is consumed by a first order reaction so that the concentration is high only on the order of one platelet diameter away. Thus, the concentration of g allows for the system to include the physical size of platelets within the system. The effect of platelet buildup on the flow field was introduced using a Brinkman term in the Navier-Stokes equations, which effectively slows down the fluid through regions containing bound platelets. Another addition to the model is the release of ADP, another platelet agonist. The activation kinetics of platelets by ADP and thrombin have the same functional form as in KuharskyFogelson model. The coagulation cascade also includes some additional mechanisms such as inhibition through tissue factor pathway inhibitor (TFPI) and APC. The Leiderman-Fogelson model displayed slightly lower TF threshold as compared to the Kuharsky-Fogelson model. The spatial model predicted that a near-wall excess of platelets, which is created by RBC motion, was required to obtain appreciable platelet deposition. Although RBC motion was not considered explicitly in this model, the effect of shear rate on platelet margination was investigated by probing the model with various combinations of inlet concentration profiles and shear rates. Flow velocity of plasma through the porous clot exhibited a minimum, and the time of the minimum coincided with the ''appearance'' of thrombin in the simulation. The model also predicted the spatial distributions of platelet density and enzymatic complexes as well as the changes in intra-thrombus flow.
In a particle-explicit approach, Xu et al. [70] [71] [72] tracked the positions and shapes of platelets moving in a flow with a cellular Potts model to predict platelet deposition and clot morphology. A cellular Potts model discretizes the space such that each platelet occupies a set of neighboring nodes on the lattice. Other lattice nodes can be occupied by fluid or other cell types, e.g., RBCs. The system is evolved by making random identity switches, for example a fluid node might become occupied by a nearby platelet. The ''energy'' of the system is computed before and after the switch, and the move is accepted according the Metropolis Monte Carlo acceptance criterion. The energy term includes flow velocity effects, cellular bonding, and cell volume (area in 2D) constraints. Platelet activation was assumed to occur instantaneously after a threshold level of agonist (or sums of agonists) was encountered. 70, 71 Platelet activation also occurred directly by interacting with the surface and other activated platelets. 72 Porous flow was computed using Darcy flow within the clot while the bulk blood flow was solved with the Navier-Stokes equations. The production of thrombin was determined with a modified spatial version of the Kuharsky-Fogelson model including the effect of Factor XI feedback. The cellular-Potts model predicted platelet density at different flow rates with and without pulsatility. In general, clot size exhibited a maximum at an intermediate flow rate, which was insensitive to changes in porosity and blood viscosity. Consistent with results from a laser-injury mouse model, the simulation predicted an initial rise in clot volume followed by a reduction to a stable value. One drawback of the cellular Potts model is that the energy parameters of the model do not necessarily correspond to physical (and thus measurable) quantities. Certain parameters such as the volume constraint affect cell motion, which couples these parameters together.
Flamm et al. 24 used a lattice kinetic Monte Carlo (LKMC) simulation to predict stochastic particle convection-diffusion and bulk aggregation of stochastic particles in complex shear fields. 25 Similar to the cellular Potts model, the LKMC model resolves cells on a lattice to simulate particle motion in the fluid and aggregation to collagen or deposited platelets. LKMC directly captures the kinetics in the system including cellular motion and aggregation, and the parameters can be directly compared to physical quantities. In considering ADP and TXA 2 release kinetics (no thrombin generation) from activated platelets, concentration boundary layers were simulated by finite element methods. Platelet activation kinetics due to these agonists were derived directly from high-throughput experiments using a neural network model to interpolate and extrapolate from the experimental conditions 8 for platelets stimulated in dilute platelet rich plasma (normal extracellular calcium). The experimental results and thus the neural networks were specific to a single patient. The neural network was embedded into each platelet in the computational domain to determine the activation state from the history of agonist exposure. The kinetics of binding and unbinding from the surface were derived from each platelet's individual activation state. The velocity field of the blood was determined using the lattice Boltzmann method. The clot was assumed to exclude flow, so only diffusive transport of the soluble agonists occured within the clot structure. The results were directly compared to microfluidic measurements 11, 50 of platelet deposition onto a collagen surface with various inhibitors of platelet function: iloprost (prostacyclin mimic), aspirin or indomethacin (COX-1 therapy), and MRS-2179 (P2Y 1 inhibitor). The shear rate distribution and the concentrations of ADP and TXA 2 were highly heterogeneous in the simulations (see Fig. 2a ). For three unique donors, the model predicted that iloprost treatment led to the largest reduction in platelet deposition, aspirin treatment led to the smallest reduction, and MRS 2179 had a medium reduction in platelet deposition (see Figs. 2b and 2c). The same ranked order was also observed in the experiment. The model also predicted that one of the donors had significantly larger clots than the other two donors, and another donor was insensitive to anti-COX-1 therapy, which was also consistent with experiment. The anti-COX-1 resistance was found to be caused by a novel mutation in the TP receptor of that donor. The model also predicted strong fluctuations in ADP concentration that was linked to the short burst of ADP release upon platelet activation. TXA 2 did not exhibit fluctuations, since it was enzymatically generated over a longer time period. 23 
SUMMARY
The hierarchical nature from molecular receptorligand mechanics to cell signaling to clot formation progresses across several highly coupled length and time scales. A number of teams have pushed the quantitative frontier of single molecule bond dynamics, vWF polymer physics, platelet signaling, coagulation biochemistry, cellular biorheology of blood, and large vessel hemodynamics. Using both continuum and particle based simulation tools, multiscale simulations of thrombosis can be now be tuned to patient-specific coagulation and platelet function (in the presence of pharmacological modifiers) for patient-specific three dimensional vascular geometries. Model scale will approach O(10 1 -10 2 ) physics-based parameters, O(10 2 -10 3 ) chemical species, and O(10 2 -10 3 ) kinetic parameters, requiring 10 2 -10 4 CPU hours per simulation. Validation of such large models continues to rely on passing certain tests: prediction of severity of genotype/phenotype linkages (hemophilia, APC resistance, etc.), drug sensitivity, and in vitro microfluidic tests where numerous blood factors are modulated. Such models, beyond their use in helping to resolve purely scientific issues of kinetic significance of various pathways, offer the future in personalized medicine to predict patient-specific disease risks, sensitivity to pharmacological intervention, and risks of side effects. Multiscale models of blood also have utility in biomedical device design. In complex and multifactorial clinical situations such as trauma or massive surgical bleeding, a multiscale approach may help predict improved patient outcomes for different therapeutic approaches.
